This paper analyzes the dynamics and associated sensitivity limitations of a differential capacitive sensing scheme to determine the position of an elastically supported plate. Short pulses are applied differentially to a sense capacitor and reference capacitor. The voltage that appears on their shared node during the sense pulse is proportional to the difference between the two capacitances. The pulses impart kinetic energy to the supported plate, and after the pulses are removed, the mechanical system undergoes oscillatory motion. This paper analyzes the electromechanical dynamics of both the sensing procedure and a proposed resistive damping method that perrnits effective damping even in vacuum.
INTRODUCTION
The use of capacitance measurement to determine the position of an elastically supported plate, a method used in a variety of mechanical sensors [1,2], is limited by the phenomenon known as pull-in. The voltage used to sense the capacitance also applies a mechanical load, and if this voltage is too large, the measurement is seriously perturbed. Amantea [3] recently proposed a dynamic differential capacitive sensing scheme for a thermo-mechanical radiant energy sensor in which a capacitive element is bent and displaced by absorbing thermal energy. An approximate lumped element model, which illustrates the sensing mechanism is shown in Figure 1 . Short pulses that exceed the pull-in voltage are applied differentially to a sense capacitor Cs and reference capacitor CR, with the voltage that appears on the sense plate during the sense pulse being proportional to the difference between Cs and CR. Because the pulses are applied for only a very short time, static pull-in does not occur. However, the pulses impart kinetic energy to the supported plate, and after the pulses are removed, the mechanical system can undergo oscillatory motion. This motion must be controlled in amplitude, so that the plate does not "crash" into the sense plate, and must be optimally damped so that the next sense measurement can be made as quickly as possible. This paper investigates the electromechanical dynamics of both the sense procedure and a proposed resistive damping method that permits effective damping even for devices that must operate in vacuum, and hence, cannot depend on squeeze-film damping.
PULSED CA:PACITIVE SENSING
Displacement of the supported plate is measured by sensing changes in the sense capacitor, C,. During the measurement period of duration to. pulses, V,, and, -Vs, are applied to the supported plate and reference plate, respectively. The nominal sense capacitance CSO, and the reference capacitor CR have matched values. For small changes in the sense capacitance, this ensures that the voltage at the sense plate during the sense pulse is proportional to (Cs-CR). Resistive damping after the sense pulse is achieved by connecting the node labeled V, to the sense plate and applying a small DC damping voltage VD. The value of R D is sufficiently large such that during the measurement period negligible charge flows through the resistor. The sensitivity of this measurement scheme is determined by the size of the applied s a s e pulse. In order not to experience pull-in, the duration of the: pulses to must be made very short. This also insures that the: change in capacitance due to the pulses is negligible compared to Cs-CR during the measurement period. With this assumption, the voltage on the sense plate during the pulse is equal to Therefore, sensitivity scales directly with V,, and mandates the use of as large a value as possible.
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Now, referring to Figure 1 , the pulse of amplitude Vs and duration to imparts kinetic energy to the moving plate given by:
where EO is the permittivity of vacuum, A is the area of the supported plate, m is the mass, and h is the gap height. Note that KE is a strong function of V,. Without the damping resistor RD and associated damping voltage VD (see Figure l) , the system behavior after the end of the pulse is that of an undamped oscillating mass-spring system. The maximum allowed Vs is calculated by setting the amplitude of the oscillation equal to the gap height h so that the position x is always greater than zero, preventing the crashing of the supported plate into the sense plate. (3) where 00 is the resonant frequency of the structure.
It is possible to use compressible squeezed-film damping (CSQFD) [4] to damp the oscillation, and in fact this would actually allow us to increase Vs above the limit in (3). This is because the motion of the supported plate is damped throughout the motion, hence the maximum amplitude of oscillation for a given sense pulse is lower than the undamped case. However, in situations where the sensing technique must be applied in vacuum, CSQFD is not possible and an alternative damping technique must be used.
RESISTIVE DAMPING
We now consider the effect of the damping resistor RD to which a voltage V, is applied after the end of the sense pulse. It turns out that the damping produced by this resistor is highly nonlinear. This is readily seen by considering the direction of the electrostatic force due to V, relative to the direction of motion. When the plates are moving apart, the electrostatic force acts to retard the motion, whereas it accelerates the motion when the plates are moving towards each other. Hence, kinetic energy is transferred to electrostatic energy only when the plates move apart; the voltage VG rises above VD causing that node to discharge through the resistor, ultimately dissipating energy through Joule heating. In Figure 2 the voltage VG is shown as a function of time for a damped oscillation. When V , is above 40mV, it is discharged through the resistor, RD, and energy is dissipated through Joule heating. When V , is below 40mV, the node is charged by the voltage source, VD. consider what happens when the resistor is very large --charge slowly flows onto the sense plate and is 'trapped' on the time scale of the plate oscillation, and as the supported plate rises or falls kinetic energy is exchanged with electrostatic energy, thus raising and lowering the voltage. Mathematically, the capacitance changes while the charge remains the same and to satisfy the relationship Q=CV, the voltage must change appropriately. For smaller resistances, charge flows off the sense plate, but if the RC time constant is on the order of the period of oscillation a fraction of the total charge is still 'trapped' on the node for part of the period. The upward motion of the plate increases the electrostatic energy of this charge, manifested by an increase in voltage, and dissipates the energy through the resistor when the charge flows off.
After the mechanical motion is damped the sense plate remains charged with voltage VD. This has two effects. Firstly, it causes a static deflection in the sensor due to the load applied by the charge on the capacitor plates. Hence, the nominal capacitance at the next measurement is greater than CS~, and it is no longer matched in value with C,. The static deflection can be compensated for by the initial choice of C, or by using asymmetric positive and negative going pulses for sensing. Secondly, at the next measurement of capacitance, the net charge on the sense plate causes a voltage offset equal to V, in the output signal.
DYNAMIC PULL-IN
While the plates are moving towards each other electrostatic energy provided by source V, is converted to kinetic energy, accelerating the plate. Above a threshold, Vdpi: the inertia of the plate moves it into a region where the non-linear electrostatic force overwhelms the spring force and causes the structure to collapse (Figure 3) . This phenomenon is known as dynamic pull-in [5, 6] Dynamic pull-in is best described by llooking at the potential energy diagram (Figure 4 ) of the supported plate in the limit RD=O. Initially, the plate is at its equilibrium position x , , , but if it is given enough of a push to overcome the energy barrier AU to the right, it enters a region where the net force is in the same direction as its motion causing the plate to accelerate until it crashes into the sense plate. The size of the push, or the kinetic energy imparted by the sense pulse, obviously determines whether pull-in takes place. The fact that dynamic pull-in can occur during the damping portion of the measurement cycle imposes a further restriction on the maximum sense voltage Vsmar, and hence an additional sensitivity limit. As the damping voltage VD increases toward the static pull-in voltage Vpi, which is the point at which the energy barrier AU disappears, we see that the sense voltage Vsm, must go to zero to prevent dynamic pull-in. When the resistor RD is non-.zero the voltage VG changes with time, and numerical simulation is required to determine the voltage relationship between VD and Vsmar, as discussed below. 
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SIMULATION AND OPTIMIZATION
Given a mechanical structure, the designer's task is to optimize the sensitivity and sampling rate by controlling the sense voltage, the damping voltage, and the damping resistor. The sampling rate is inversely proportional to the time it takes to damp the oscillations to ain acceptable level in order to make the next measurement. In the: case of the 1-D system in Figure 1 , the optimization can be: done numerically by solving the dynamics explicitly and charting the design space to find a suitable operating point. The pair of coupled ordinary differential equations describing the dynamics of the mechanical and electrostatic domains are:
m is the effective mass of the supported plate, x is the position of the supported plate, t lis the time, K is the effective spring constant, h is the nominal gap height, Eo is the permittivity of vacuum, A is the area of the plate, and (2 is the charge on the sense plate.
It is not necessary to perform simulations for the entire design space. We can estimate what the optimum values will be by heuristic arguments.
Consider, first, the reisistor RD. The time constant of the electrical circuit RD(CS+CR) must be about equal to I/@, the period of oscillation divided by 2n, for best results. If the RC time constant is much shorter than the period of oscillation, VG will remain at about VD throughout the motion and as the voltage drop across the resistor is small, little energy dissipation occurs. If the RC time constant is much larger than the period of oscillation, charge remain!; on the sense plate and little current flows through the resistlor; again, little energy dissipation occurs.
Second, we determine the optimum value of damping voltage VD. Increasing VD improves damping making it desirable to have as large a value as possible. But, dynamic pull-in places an upper limit on our choice. The optimum value is thus the voltage at this limit. It will decrease with the area of the sense pulse Vsto as the plate has a larger initial kinetic energy making dynamic pull-in easier. The relationship between the sense voltage and damping voltage for a fixed pulse width to and resistance R, is shown in Figure 5 . It is evident that increasing the sense voltage to improve sensitivity must be accompanied by a drop in the applied damping voltage to prevent dynamic pull-in. This has a negative impact on damping, and means that the sampling rate and sensitivity cannot be simultaneously optimized. A trade-off between the two must be made.
4A2.08 P
An optimally damped transient is shown in Figure 6 , for a specific choice of sense voltage. The optimum value of R D is found to be 460MQ which corresponds to -I/w(Cs+CR). 
CONCLUSION
The pulsed-capacitive sensor allows the use of sense voltages significantly higher than the static pull-in voltage improving the sensitivity of the differential measurement scheme.
However, as the measurement is intrinsically dynamic, a method of damping must be used. CSQFD is possible for sensors that do not operate in vacuum. Resistive damping was shown to be an effective mechanism in vacuum, but placed an additional limit on Vsm, due to the phenomenon of dynamic pull-in. The damping mechanism is not limited to pulsed-capacitive sensors and can be used in applications involving elastically supported capacitive structures, such as pressure sensors and accelerometers.
